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Abstract. The CIZA J2242.8+5301 cluster hosts an extraordinary, nar-
row, Mpc-wide, diffuse patch of radio emission tracing travelling shock
waves, called a relic. We perform a multi-wavelength of observations of
the cluster. We discover radio spectral steepening and increasing spectral
curvature in the shock downstream area, indicative of emission produced
by spectrally-aged electrons, following a JP ageing model. The curved in-
tegrated spectrum towards 16 GHz challenges the favoured relic formation
model. Further, we find a boosting the number density of Hα emitters by a
factor of 10, possibly caused by interactions of the galaxies with the shock
wave.
Keywords : Galaxies: Clusters: general, intracluster medium, individual:
CIZA J2242.8+5301 – Galaxies: luminosity function
1. Introduction
Giant radio relics are diffuse, elongated, Mpc-wide, polarised patches of emission
found at the outskirts of galaxy clusters (e.g. review by Feretti et al. 2012). During
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Figure 1. 153 MHz image of
the cluster with contours drawn
at [4, 8, 16, 32]×σRMS (σRMS =
1.5 mJy) and source labelling.
Beam shown in the bottom-left
corner (image from Stroe et al.
2013).
major cluster mergers, travelling shock waves are thought to form, which would (re-
)accelerate intra-cluster medium (ICM) particles to relativistic speeds via the diffusive-
shock acceleration mechanism (DSA; e.g. Drury 1983; Ensslin et al. 1998). In the
presence of µG-level magnetic fields, these electrons emit synchrotron radiation and,
with time, lose energy via synchrotron and inverse Compton processes. One of the
best-studied examples of clusters with radio relics is CIZA J2242.8+5301 (nicknamed
the ‘sausage’) at z = 0.192 (van Weeren et al. 2010). Towards the north of the cluster,
a thin (50 kpc), regular, 1.4-Mpc long radio relic is found (see Fig. 1, labelled RN).
Ogrean et al. (2013) also found evidence for a shock from in the X-rays at the same
location as the radio. The cluster also hosts a variety of diffuse radio sources (e.g. R1,
R2, RS, J in Fig 1) and tailed radio galaxies (labelled B through F; Stroe et al. 2013).
We perform a broad-band radio analysis, spanning from 153 MHz to 16 GHz, to un-
cover the injection and ageing mechanisms involved in the production of the ‘sausage’
relic. We also investigate the interaction between the travelling shock front and the
galaxies within the cluster, to test whether the wave inhibits or triggers star-formation.
2. Shock influence on the ICM - radio relic spectral properties
To trace the northern relic properties, we have observed the cluster with the Giant
Metrewave Radio Telescope (GMRT), the Westerbork Synthesis Radio Telescope
(WSRT) and the Arcminute Microkelvin Imager (AMI) at eight, almost logarithmically-
spaced frequencies between 153 MHz and 16 GHz. The 153 MHz map with source
labelling can be found in Fig. 1. By combining 18′′ × 14′′ resolution GMRT and
WSRT data, we produce RN spectral index α and spectral curvature C maps and find
clear signs of steepening and increasing curvature from the shock location at the north
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Figure 2. Left: Integrated radio spectrum of RN from 153 MHz up to 16 GHz. The 16
GHz measurement is 12σ away from the DSA prediction. Right: Hα narrow-band LF for the
‘sausage’ cluster, calculated for the regions projected around the relics. We overlay the LFs for
the field at z = 0.2 and clusters Abell 521 at 0.25, Abell 1367 and Coma at z = 0.02.
of the relic, towards the south, into the downstream area. These findings strongly sup-
port a DSA-like scenario, where electrons are injected on one side, likely a shock,
and subsequently age. For regions within the northern relic selected on their similar
α properties, we build a colour-colour plot, in which their low and high frequency
spectral indeces are plotted against each other (Katz-Stone et al. 1993). This allows
comparison with predictions of spectral ageing models. The best fit is a superposition
of Jaffe-Perola models (JP; Jaffe & Perola 1973): a single burst of electron injection
is followed by cooling with electron pitch angle isotropisation in a uniform magnetic
field. Because of projection effects, each image pixel consists of a range of electron
populations with different ages (time since last acceleration; Stroe et al. 2013).
The integrated RN spectrum (153 MHz to 2.3 GHz) is well described by a single
power law of index −1.06±0.04 (see left panel of Fig. 2). However, towards 16 GHz,
the spectrum curves, measuring 12σ below the prediction from simple ‘stationary
conditions’ (i.e. continuous injection, CI, spectral model; Pacholczyk 1970), which
assumes that the relic has been in the ICM longer than the electron cooling time.
This could be caused by a non-power-law injection spectrum, affected by radiation
losses, or an ICM inhomogeneity: a density and/or temperature gradient across the
relic would lead to a steady modification of the Mach number or to a decrease in levels
of injected electrons with time. Highly-turbulent magnetic fields in the downstream
area would have a similar effect (Stroe et al. 2014b).
3. Shock influence on galaxies - Hα luminosity function
To investigate the effect of the shock on the cluster galaxies, we observe the Hα emis-
sion line, a well-calibrated star-formation tracer. Using a custom-made narrow-band
optical filter mounted on the Isaac Newton telescope, we survey the Hα emission at
the cluster redshift. We find ∼ 15 galaxies with extended (up to 60 kpc), disturbed Hα
haloes marked by tails and bright star-forming regions in close proximity of the diffuse
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sources which trace shock waves. To quantify this effect, we build an Hα luminosity
function (LF, see Fig. 2, right panel). The Hα counts in the range of the ‘sausage’ relic
areas are an order of magnitude (9σ significance) above the LFs of other clusters. For
low-redshift, relaxed clusters Abell 1367 and Coma (Iglesias-Páramo et al. 2002), the
characteristic luminosity is below the blank field measurement in the COSMOS field
(Shioya et al. 2008), indicating a lack of bright emitters. However, the merging cluster
Abell 521 (z = 0.25) contains many luminous Hα galaxies (Umeda et al. 2004). We
speculate that the enhancement in Hα emission within the cluster galaxies around the
relics is related to the merging activity, via shock-induced star-formation (Rees 1989).
The passage of the shock front might temporarily compress the low-temperature gas,
which then collapse into star-forming clouds (Stroe et al. 2014a).
4. Conclusion
We performed a radio-optical analysis of the ‘sausage’ cluster, which hosts a regular,
arc-shaped radio relic. We find that the spectral curvature of the radio emission sys-
tematically increases from the shock location into the downstream area. This effect is
predicted by the preferred relic formation mechanism, in which the travelling shock
accelerates ICM electrons via DSA. Nevertheless, 16 GHz data indicates steepening
of the integrated relic spectrum, which is in stringent tension with DSA. The results
could be reconciled by ICM temperature/density gradients across the source or a tur-
bulent downstream magnetic field. An analysis of the cluster Hα galaxies indicates
that the shock front had an important role in their evolution, possibly compressing the
gas, which started forming stars. Therefore, travelling shock fronts created at cluster
mergers not only interact with the ICM, leading to the formation of giant radio relics,
but may also shape the properties of cluster galaxies.
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